Matrix metalloprotease (MMP)-mediated tissue remodeling is one of the malignant changes driving colorectal cancer. Measurement of altered MMP expression/activity is not sufficient to fully understand the effect of MMP-mediated tissue remodeling. Biomarkers are required that specifically reflect the dynamic processes of the MMP-mediated degradation of signature proteins from colorectal tissue. The aim of the present study was to profile and characterize the release of MMP-degraded type III collagen (C3M) and citrullinated and MMP-degraded vimentin (VICM) from tumor tissue and corresponding non-neoplastic adjacent tissue (NAT) in a human colorectal cancer ex vivo model. Colorectal tumor tissue and NAT biopsies from tissue removed during resection of colorectal cancer patients (n=13) were cut into pieces of 2 mm 2 and cultured for 24 h in growth medium. C3M and VICM were evaluated by ELISA. As part of the characterization, C3M was determined subsequent to the tumor tissue being cleaved with recombinant MMP-2/-9 and trypsin. C3M was generated by MMP-2/-9, but not by trypsin. In addition, the level of C3M was significantly elevated in the conditioned medium from tumor tissues (3.7 ng/ml) compared with that observed in the conditioned medium from the NATs (2.2 ng/ml) and in the growth medium alone (1.9 ng/ml). The level of VICM was significantly elevated in the tumor tissues (0.51 ng/ml) and NATs (0.52 ng/ml) compared with that in the growth medium alone (0.03 ng/ml). No differences were detected between the tumor tissues and NATs. No correlation was observed between biomarker levels from the tumor tissue and corresponding NAT, and the biomarker levels did not correlate with tumor stage. In conclusion, the present study provided support of the concept that C3M and VICM are applicable as tools to investigate dynamic tissue changes of colorectal tumor tissue and corresponding NAT. By the assessment of these specific MMP-mediated molecular changes, the present study provides novel and relevant insight into the dynamic changes of colorectal tumor tissue and corresponding NAT.
Introduction
Colorectal cancer is not only an accumulation of malignant cells but may be interpreted as an abnormal tissue composed of cancer cells and their stroma, the tumor microenvironment, which is composed of various cell types such as fibroblast, endothelial cells and different cells of the immune system (1) . These cells are embedded in, or interact with, the extracellular matrix (ECM). The ECM contains proteins such as collagens, proteoglycans and glycoproteins, and forms a three-dimensional protein structure supporting the cells and tissue (2) . In addition to the ECM, multiple proteins such as secreted intracellular proteins, various growth factors and different types of enzymes are also part of the tumor microenvironment (1) (2) (3) .
During cancer progression, the tumor microenvironment is heavily remodeled due to altered proteolytic activity (3) . Matrix metalloproteases (MMPs) are the main proteases responsible for the degradation of extracellular proteins and these are typically upregulated in cancer (4) . Limited knowledge is currently available on MMP-mediated degradation of specific proteins of the microenvironment associated with the tumor tissue compared with that in the corresponding non-neoplastic adjacent tissue (NAT) in the same patient.
Unique insight into microenvironmental changes in colorectal cancer: Ex vivo assessment of matrix metalloprotease-mediated molecular changes in human colorectal tumor tissue and corresponding non-neoplastic adjacent tissue
In a recent study of the ECM protein composition in normal and malignant colorectal tissue, a total of 37 tumor-specific proteins were identified, including several MMPs (5) . However, measurements of altered MMP expression/activity are not sufficient to fully understand the effect of distinct MMP profiles between normal and malignant colorectal tissue. Biomarkers that are capable of reflecting altered MMP expression/activity and, specifically, the dynamic processes of MMP-mediated degradation of signature proteins from the colorectal tissue are required.
A biomarker specifically reflecting MMP-degraded type III collagen (C3M) was previously developed by our group (6) . In normal and malignant colorectal tissue, type III collagen is one of the major components of the interstitial ECM compartment (7) . The interstitial ECM is an essential component of the fibrotic-like microenvironment identified in numerous solid tumors, and is degraded as part of the inflammation and ECM remodeling associated with tumor progression (8) .
Another notable biomarker in this context is citrullinated and MMP-degraded vimentin (VICM). VICM reflects MMP-mediated degradation and citrullination of vimentin (9) . Vimentin is an intermediate filament protein shown to be associated with the pathology of inflammatory bowel disease, a group of idiopathic gastrointestinal chronic inflammatory conditions (10) , and is expressed in tissue from patients with colorectal cancer (11) . Vimentin has been identified on the surface of tumor cells (12) and is released from activated macrophages (10), making it a target for proteolysis and citrullination, a post-translational modification associated with chronic inflammation (13) .
Levels of C3M and VICM have been revealed to be elevated in serum from patients with inflammatory bowel disease (14) . Levels of C3M have also been revealed to be increased in serum from patients with pancreatic (15), breast and ovarian cancer (16) , and levels of VICM have been revealed to be elevated in lung cancer (17) .
The present study hypothesized that C3M and VICM may be used as tools to investigate specific MMP-mediated micro-environmental changes in association with colorectal cancer, and hereby increase the knowledge of MMP-mediated degradation of extracellular proteins in tumor tissue compared with that in the NAT of the same patient. The aim of the present study was to provide support for the concept that C3M and VICM are applicable as tools for the investigation into dynamic tissue changes in an ex vivo culture setting of colorectal tumor tissue and corresponding NAT.
Materials and methods
Patients/study population. Biopsies from colorectal tumor tissue and NAT from tissue removed during bowel resection in patients with colorectal cancer were obtained subsequent to informed consent and approval by the Ethical Committee of the Capital Region of Denmark (Copenhagen, Denmark; approval no. H-1-2014-048) in compliance with the Helsinki Declaration. Biopsy samples were collected by medical staff immediately after surgery, and stored in Dulbecco's modified Eagle's medium (DMEM) supplemented with Ham's F12 medium (DMEM:F12; VWR International, Søborg, Denmark), 1% penicillin and streptavidin (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Samples were immediately placed on ice and transported directly to the laboratory where they were processed (see below) within 1 h of collection. Information associated with the included patients (n=13) is shown in For each specific cleavage, ~35 mg tissue was used. MMP-2 and MMP-9 (BioCol GmbH, Michendorf, Germany) were activated with freshly prepared 1 mM 4-aminophenylmercuric acetate (Sigma-Aldrich; Merck KGaA) in dimethyl sulfoxide by incubation at 37˚C for 2 h. Activated MMPs and trypsin (Sigma-Aldrich; Merck KGaA) were added to the Eppendorf tubes containing tissue to a final concentration of 25 nM and incubated overnight at 37˚C. Tissue dissolved in buffers only was used as a negative control. The reaction was terminated by adding EDTA to the MMP cleavage products or by adding aprotinin (BioCol GmbH) to the trypsin cleavage products to a final concentration of 1 µM. The tissue samples were centrifuged at 10,000 x g at 4˚C for 15 min and the supernatant was collected. The supernatant was stored at -80˚C until analysis by relevant ELISA.
Viability. The tumor tissue was cut into pieces of ~2 mm 3 and cultured in 96-well plates with 200 µl/well DMEM:F12, 1% penicillin and streptavidin (Thermo Fisher Scientific, Inc.) at 37˚C and 5% CO 2 . Cell viability was tested in three different culture conditions: Upon addition of 2% fetal calf serum (FCS) (Sigma-Aldrich; Merck KGaA), upon addition of 2% Ultroser ® G (Pall Life Sciences, Port Washington, NY, USA) and without the addition of FCS or Ultroser ® G. To assess the metabolic activity of the tissue/cells, the medium was removed after 30 min and 24 h, and alamarBlue ® (Thermo Fisher Scientific, Inc.) was added to the cultures in a 10% dilution in PBS. alamarBlue ® exhibits colorimetric changes as a function of the metabolic activity depending on proliferation and viability of the cells, and has previously been validated in the ex vivo culture setting (18) . After 3 h of incubation with alamarBlue ® , the supernatants were collected and the absorbance determined at 540-590 nm. The experiment was performed in quadruplicate for each condition and repeated twice (2 patients).
Ex vivo culture. The tissue was cut into pieces of ~2 mm 3 and cultured in the highest possible number of replicates (2-6 replicas per patient per tissue type) in a 96-well plate with 200 µl/well DMEM:F12, 1% penicillin and streptavidin at 37˚C and 5% CO 2 . The supernatant was removed after 24 h. Any cell/tissue debris was removed by centrifugation at 10,000 x g for 15 min at 4˚C, and the supernatant was pooled and stored at -80˚C until analysis by the relevant ELISA.
Biomarker measurements. The levels of C3M (6) and VICM (9) were assessed in the culture supernatant by competitive ELISA. As is common for C3M and VICM assay procedures (6, 9) , a biotinylated target peptide (Chinese Peptide Company, Beijing, China) was added to a 96-well streptavidin-coated plate in 40 mM NaHPO 4 ·12H 2 O, 7 mM KHPO 4 , 137 mM NaCl, 2.7 mM KCl, 25 mM EDTA, 0.1% Tween 20, 1% BSA (Sigma-Aldrich; Merck KGaA) and 10% sorbitol (pH 7) for C3M, or 50 mM Tris-HCl, 1% BSA, 0.1% Tween-20 and 0.36% 5-bromo-5-nitro-1,3-dioxane (pH 7.4 at 20˚C) for VICM. A total of 100 µl/well was added and plates were then incubated for 30 min at 20˚C while agitating at 300 rpm. The plate was washed five times in 20 mM Tris-HCl and 50 mM NaCl buffer (washing buffer, pH 7.2). Next, 20 µl target peptide calibrator (Chinese Peptide Company) or sample and 100 µl horseradish peroxidase-conjugated monoclonal antibody specific for the target peptide sequence of interest (provided as part of C3M and VICM assay kits; cat. nos. 1200 and 1800, respectively; Nordic Bioscience A/S, Herlev, Denmark) was added. The anti-C3M antibody was dissolved (final concentration, 23 ng/ml) in 8 mM NaHPO 4 ·12H 2 O, 1.5 mM KHPO 4 , 13.7 mM NaCl, 2.7 mM KCl, 0.1% Tween-20, 1% BSA and 0.003% phenol red (pH 7.4), and the anti-VICM antibody was dissolved (final concentration, 4 ng/ml) in 50 mM Tris-HCl, 1% BSA, 0.1% Tween 20 and 0.36% 5-bromo-5-nitro-1,3-dioxane (pH 7.4 at 20˚C). The C3M and VICM assay kits were used according to the manufacturer's protocol. The plate was incubated for 1 h at 20˚C (C3M) or overnight at 4˚C (VICM). The plate was washed five times in the aforementioned washing buffer prior to the addition of 100 µl 3,3' ,5,5'-tetramethylbenzidine (Kem-En-Tec Diagnostics A/S, Taastrup, Denmark; cat. no. 438OH). The plate was incubated for 15 min at 20˚C in the dark. The reaction was stopped by the addition of 100 µl stopping solution (1% H 2 SO 4 ) and the optical density was measured at 450 nm with 650 nm as a reference. Biomarker levels were determined in duplicate.
Statistical analysis. Statistical analysis was conducted using GraphPad Prism v6.05 (GraphPad Software, Inc., La Jolla, CA, USA). Viability was compared using two-way analysis of variance adjusted for multiple comparisons with the Sidak test. Biomarker levels in the supernatant were compared using the Friedman test or the Kruskal-Wallis test adjusted for multiple comparisons with the Dunn's test. P<0.05 was considered to indicate a statistically significant difference. The correlation between colorectal tumor tissue and corresponding NAT was calculated by the Pearson's correlation coefficient and goodness of fit. Results are presented as mean ± standard error of the mean, Tukey plots or scatter plots.
Results
In vitro cleavage of colorectal tumor tissue. Following resection and mechanical processing, the tumor tissue was incubated with MMP-2, MMP-9 and trypsin to investigate if C3M may be generated from the tissue in vitro. As illustrated in Fig. 1 , the level of C3M increased by 20-and 10-fold upon incubating the tumor tissue with MMP-2 and MMP-9, respectively. By contrast, trypsin did not generate C3M. These findings suggest that C3M is associated with colorectal tumor tissue and that C3M is generated specifically by MMP cleavage.
Viability of ex vivo colorectal tumor tissue cultures under different culture conditions. The metabolic activity, as a measurement of viability, was assessed by addition of alamar-alamar-Blue ® for 3 h to the ex vivo cultures after 30 min and 24 h of primary culture. A total of three different culture conditions were investigated: Growth medium with 2% FCS, growth medium with 2% Ultroser ® G and growth without FCS or Ultroser ® G. The results are shown in Fig. 2 . No significant difference was detected in the viability after 30 min or 24 h, indicating that the ex vivo cultures stay viable for ≤24 h of culture. In addition, no difference was detected when comparing the three culture conditions, suggesting that the effect of either 2% FCS or 2% Ultroser ® G on cell viability in the ex vivo cultures is of no importance for the conditions of the present study.
Biomarker release from ex vivo cultures of colorectal tumor tissue and NAT. Tumor tissue and corresponding NAT were removed during the resection of colorectal cancer in 13 patients. The tissue was cut into equally sized pieces and cultured for 24 h in growth medium without serum. As shown in Fig. 3A , only the tumor tissue generated significantly elevated levels of C3M in the conditioned medium, with median levels of 3.7 ng/ml compared with those in the NAT and growth medium alone groups, which displayed median levels of C3M of 2.2 and 1.9 ng/ml, respectively. As shown in Fig. 3B , VICM from the tumor tissue, median level of 0.51 ng/ml, and the NAT, median level of 0.52 ng/ml, was significantly increased compared with that from the growth medium alone, 0.03 ng/ml. No significant differences were detected between the tumor tissue and NAT. Subsequently, the present study addressed the difference in biomarker levels according to tumor stage, and detected no significant difference (Fig. 4 ). Finally, no correlation was observed between biomarker levels released from the tumor tissue and corresponding NAT (Fig. 5 ). 
Discussion
The present study revealed that specific MMP-mediated molecular changes, particularly the degradation of C3M and VICM, may be assessed in conditioned medium from ex vivo culture of biopsy tissue from patients with colorectal cancer. It is well established that such ex vivo culture of primary human tissues is a model that maintains tissue architecture and reflects ongoing dynamic changes in the tumor (18, 19) , thereby retaining the majority of the complexity and heterogeneity of human tumors in a laboratory setting.
Higher levels of C3M were released from tumor tissue compared with the corresponding levels of NAT; C3M levels of NAT did not differ from those detected in the growth medium alone. This suggests that C3M is specifically associated with tissue remodeling of the tumor tissue, not NAT. The elevated levels of C3M in tumor tissue vs. NAT are hypothesized to be a result of the pathological turnover of the tissue. Therefore, the present findings indicate that C3M may reflect disease activity at the time of resection. Whether the elevated C3M levels are a result of specific ongoing inflammatory processes or altered cancer or stromal cell activities in the tumor remains to be established. However, C3M has been associated with inflammatory diseases of the gut (14) , suggesting that C3M may reflect the extent of ongoing inflammation in the tumor tissue.
Tissue remodeling is a dynamic process that is ultimately the sum of protein formation, degradation and post-translational modifications (2) . Normally, the ECM, including type III collagen, is maintained in a delicate equilibrium between protein formation and degradation. However, this balance may be altered in pathological conditions such as cancer, leading to the altered composition and quality of the ECM (8) . The ECM and tissue remodeling are part of the malignant changes that drive cancer (20, 21) . Thus, biomarkers reflecting dynamic changes such as ECM formation or degradation, and not merely the total protein content of ECM (22) , are crucial for additional studies.
Proteolytic enzymes such as MMPs have been associated with the development and progression of colorectal cancer (23) . It has also previously been shown that MMP-2 and MMP-9 protein expression is lower in NAT compared with that in the corresponding tumor tissue from patients with colorectal cancer (24). As C3M was generated by MMP-2 and MMP-9 ( Fig. 1) , this is in line with these previous studies. Notably, although the MMP-2 and MMP-9 levels were lower in NAT vs. tumor tissue in the study by Langers et al (24), the MMP levels in NAT were still predictive of outcome (mortality), suggesting the biological relevance of assessing the molecular composition of NAT. Furthermore, the level of MMP-2, but not of MMP-9, was correlated between tumor tissue and NAT. The present study did not detect a correlation between biomarker levels in tumor tissue and corresponding NAT. Taken together, this indicates that investigating tumor and NAT biology in greater detail may yield essential information.
In contrast to C3M, the tumor tissue and NAT released VICM, and no difference was detected between the two types of tissue. VICM is a citrullinated protein, and citrullination of extracellular proteins is dependent on high levels of calcium (13) . Enhanced calcium levels have been identified in tumor tissue and NAT from patients with colorectal cancer (25) . It has been revealed that VICM is associated with activated macrophages (Willumsen et al, unpublished data) . Therefore, the present findings may suggest ongoing macrophage activity in the tumor tissue and NAT from patients with colorectal cancer, and suggest that VICM may be applicable in an immuno-oncology setting by monitoring the activity of tumor-associated macrophages.
Although no correlation was observed between the stage of disease for C3M and VICM, the variation between individual patients in the levels released from the tumor tissue appeared to be more pronounced compared with the NAT findings. This may indicate that tumor tissues are more heterogeneous than NAT.
The relatively small number of patients involved limits the present study. Findings should be confirmed in larger clinical settings ultimately with progression or survival as primary endpoints. Investigating the effect of specific treatments may also be relevant, and potentially this model may serve as a promising preclinical tool for future drug-development studies. Additionally, the culture condition of colorectal cancer tissues may be a critical step that may affect the results. Although no effect was observed on viability as a function of culture media conditions, other factors may affect the outcomes, which require additional investigation. In addition, although the same volume of tissues were analyzed, a larger number of cells may be present in cancer tissue compared with that in the normal counterparts. Pathological analysis of cellularity and other tissue components such as total collagen content, should be performed in future studies to additionally interrogate the association between the tissue remodeling biomarkers and cancer.
Several other biomarkers exist for assessing ECM and microenvironmental alterations, and these may be relevant to include in future studies. In line with the present findings, biomarkers reflecting the MMP-mediated degradation of specific proteins of the tumor microenvironment have been observed to be significantly upregulated in serum from patients with various solid tumors compared with those in healthy controls. Elevated levels of different MMP-generated collagen degradation products have been observed in pancreatic (15) , breast, ovarian (16) , lung (17) and colorectal cancer (26) .
In conclusion, by assessing MMP-mediated degradation of type III collagen and vimentin in an ex vivo model, the present study profiled and characterized colorectal tumor tissue and NAT, thus providing novel relevant insight into the dynamic changes occurring as part of the colorectal cancer pathogenesis. Detailed molecular characterization, including specific protein compositions and relevant post-translational modifications, as determined by evaluating the levels of citrullination and proteolysis of specific proteins, leads to an increased understanding of tumor-associated biology, and may provide novel biomarkers and targets for novel therapies. The increased understanding of the microenvironmental changes associated with colorectal cancer may ultimately help to improve the outcomes of individual patients.
